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Abstract: The connection between the axion and right-handed neutrinos is explored
in the framework of the minimal SUSY SO(10) model. The former is related to the
Peccei-Quinn (PQ) solution to the strong CP problem and the latter is to the light
Majorana neutrinos through the see-saw mechanism. In this model, a relative phase
between (10,1,3) (≡ ∆¯R) ⊂ 126 and (10,1,3) (≡ ∆R) ⊂ 126 multiplets of
SU(4) × SU(2)L × SU(2)R ⊂ SO(10) becomes a physical degree of freedom identified with
the axion. Then, the PQ symmetry breaking scale (ΛPQ) and the B−L symmetry breaking
scale (ΛB−L) coincide through the VEV of ∆¯R. The scalar partner of the lightest right-
handed neutrino is regarded as the inflaton, which gives a consistent density fluctuation
for the CMB.
Keywords: Cosmology of Theories beyond the SM, Beyond Standard Model, GUT,
Neutrino Physics.
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1. Introduction
The supersymmetric (SUSY) grand unified theory (GUT) has received particular attention
over the last decade. In particular, with the particle content of the minimal supersymmet-
ric standard model (MSSM), the three gauge coupling constants converge at the GUT
scale MGUT ≃ 2 × 10
16 [GeV]. In addition to this, recent progress in neutrino physics
makes SO(10) a plausible candidate for GUTs, since it naturally incorporates the see-saw
mechanism [1] that can naturally explain the lightness of the neutrinos. In particular, min-
imal SO(10) models are very natural to realize since it not only reproduces the low energy
experimental data but also predicts the unobserved values of absolute masses of light neu-
trinos and heavy right-handed neutrinos and the full MNS mixing matrix very restrictively
[2, 3, 4, 5, 6, 7]. Recently well-confirmed atmospheric and solar neutrino oscillation data
with the see-saw mechanism indicates the scale of the right-handed neutrinos. The typical
prediction in the minimal SO(10) models suggests the scale to be [4]
MR1 ≃ 1.2 × 10
11 [GeV] , MR2 ≃ 1.8× 10
12 [GeV] , MR3 ≃ 8.3× 10
12 [GeV] . (1.1)
Even, after this analysis had been performed, there has been remarkable progress in the
solar neutrino oscillation data from the KamLAND experiment [9], which does not affect
so seriously the above values. On the other hand, one of the most likely solutions to the
strong CP problem, the Peccei-Quinn (PQ) solution, gives us more interesting information
at such an intermediate scale. Namely, in the PQ solution, we have probably an invisible
axion with a decay constant fa that is severely constrained from astrophysics as:
109±1 [GeV] . fa . 10
12±1 [GeV] . (1.2)
This range is very similar to the scale of the right-handed neutrinos. Hence it seems possible
that there is some deep connection between the two physical scales, the PQ symmetry
breaking scale (ΛPQ) and the B − L symmetry breaking scale (ΛB−L). In this paper, we
explore the connections of the axion physics and the right-handed neutrino physics with the
help of the minimal SO(10) grand unification model. In SO(10) models, the gauged B−L
symmetry can play the role of protecting the right-handed Majorana neutrino masses from
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becoming as large as the GUT scale. In this sense, the SO(10) symmetry is a necessary
gauge symmetry for the GUT to argue about the nature of the intermediate energy scale
about 1013 [GeV].
In the following, we shall only illustrate the essence of the mechanism to connect the
axion and right-handed neutrinos. First, the right-handed neutrino masses are generated
through the following type of Yukawa interaction,
W = Y ij126 ∆¯R ν
T
RiC
−1νRj . (1.3)
This gives the Majorana masses for the right-handed neutrinos, M ijR = Y
ij
126
〈
∆¯R
〉
. In
general, we can assign a global U(1)PQ charge to these fields. For instance, PQ[∆¯R] = +2,
PQ[νR] = −1. Then after giving rise to the VEV of ∆¯R, the global U(1)PQ symmetry would
be spontaneously broken and there appears a pseudo-NG boson that is later understood
as the axion. The scalar potential of the ∆¯R field includes the mixing term with the
electroweak Higgs doublets,
V = λ ∆¯R∆RH126H10 . (1.4)
Here H10 ≡ (1,2,2) and H126 ≡ (15,2,2) are the SU(2)L bi-doublet Higgs fields aris-
ing from the 10 and 126 multiplets of SO(10), respectively, and ∆R is required for the
anomaly cancellation. A linear combination of H10 and H126 Higgs fields becomes the
MSSM Higgs doublets Hu and Hd that cause the correct electroweak symmetry breaking,
SU(2)L × U(1)Y → U(1)em. This potential would cause a connection between intermedi-
ate scale physics and the electroweak scale. Since the fields Hu and Hd, or equivalently
H10 and H126 have couplings to the quarks and leptons, a rotation of the Higgs fields
H10 → H10 exp(+2iθ) and H126 → H126 exp(+2iθ) gives a chiral rotation of the quarks
and leptons {qL, u
c
R, d
c
R, ℓL, ν
c
R, e
c
R} → exp(−iθ){qL, u
c
R, d
c
R, ℓL, ν
c
R, e
c
R}. Such a non-trivial
transformation indicates an anomalous symmetry and it induces an anomalous coupling of
the pseudo-NG boson a(x) to the gluon field.
L =
a(x)
fa
g2s
32π2
GAµνG˜
µν
A , (1.5)
where gs is the SU(3)c gauge coupling constant, G
A
µν is the gluon field strength and G˜
µν
A ≡
1
2
ǫµνρσGAρσ . This kind of interaction is used to solve the strong CP problem [10]. Then the
interaction of the axion with the quarks and leptons is given by
L =
a(x)
fa
∂µJ
µ, (1.6)
where Jµ is a conserved current associated with the global U(1)PQ symmetry
Jµ = fa∂
µa(x) + 2 sin2 β u¯iγ
µγ5ui + 2cos
2 β d¯iγ
µγ5di + 2cos
2 β e¯iγ
µγ5ei . (1.7)
with tan β ≡ 〈Hu〉 / 〈Hd〉. As is usual for the pseudo-NG bosons, the mass of the axion is
inversely proportional to the decay constant fa as
ma = 0.62 × 10
−6 [eV] ×
1013 [GeV]
fa
. (1.8)
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Thus, the right-handed neutrino mass scale suggested from the recent neutrino oscillation
data implies the appearance of an invisible axion with mass
ma ≃ 7.5× 10
−5 [eV] . (1.9)
Though there have already been many models of the axion [11, 12, 13], and their applica-
tions to GUT models [14, 15, 16, 17]. In this paper, we consider now to incorporate the
axion into the minimal SO(10) model.
2. SO(10) model
In order to realize the axion in the minimal SO(10) model, let us denote the right-handed
neutrino superfield as N ≡ νR. As mentioned in the introduction, the masses of the right-
handed neutrinos are given by an SU(2)R triplet Higgs field ∆¯R. In the minimal SO(10)
model [2, 3, 4, 5, 6, 7], such a triplet field ∆¯R can naturally be obtained from the ∆¯ = 126
Higgs field. In order to avoid a heavy axion mass, which does not solve the strong CP
problem, we also impose a discrete symmetry Z3. The corresponding charges with regards
to this Z3 symmetry are listed in Table 1. Then, the SO(10)×Z3 invariant superpotential
is given by
W = Ψi(Y
ij
10 H + Y
ij
126 ∆¯)Ψj +m1∆∆+m2Φ
2 + λ1∆¯∆Φ+ λ2∆HΦ+ λ3Φ
3 , (2.1)
where Ψi is a 16-dimensional matter multiplet, H is a 10-dimensional multiplet which
essentially gives a large top Yukawa coupling and Φ is a 210-dimensional multiplet that is
used to break the SO(10) gauge symmetry. The details of this potential can be found in
[7, 8].
The essential point in this framework to generate the PQ axion is as follows: the 126
and the 126 are independent fields required in order to preserve SUSY, but they always
appear in pairs, and the SUSY vacuum condition (D-flat condition) can never determine
the relative phase degree of freedom:
∣∣〈∆¯R〉∣∣2 − |〈∆R〉|2 = 0 . (2.2)
This means, the relative phase remains as a physical degree of freedom, the so called
pseudo-NG boson. Schematically, we can write this fact as follows:
〈
∆¯R
〉
∼ 〈∆R〉 × exp(iΘ) , (2.3)
where the argument field or the pseudo-NG boson Θ can be regarded as the axion. It
gives a connection between the U(1)B−L symmetry breaking scale (ΛB−L) and the U(1)PQ
symmetry breaking scale (ΛPQ)
1. That is one of our main conclusions in this article.
1Note that since these two fields ∆¯R and ∆R are completely independent, one of which is used to break
the B−L symmetry and the other can be used to break the PQ symmetry as well. Remarkably, the former
symmetry is gauged in SO(10) although the latter one is ungauged, hence one of the NG bosons residing
in the above fields is absorbed into the B − L gauge boson, but the other remains as a physical degree of
freedom, the axion.
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fields PQ charges Z3 charges
Ψ −1 ω2
H +2 ω2
∆¯ +2 ω2
∆ −2 ω
Φ 0 1
Table 1: PQ and Z3 charges of the fields (ω
3 = 1).
After the SO(10) symmetry breaking, we have the following superpotential for the
matter multiplets:
W = ucRi
(
Y ij10H
u
10 + Y
ij
126H
u
126
)
qLj + d
c
Ri
(
Y ij10H
d
10 + Y
ij
126H
d
126
)
qLj
+ N ci
(
Y ij10H
u
10 − 3Y
ij
126H
u
126
)
ℓLj + e
c
Ri
(
Y ij10H
d
10 − 3Y
ij
126H
d
126
)
ℓLj
+ Y ij126N
c
iN
c
j ∆¯R . (2.4)
Each field can have the PQ charges as listed in Table 1. In addition to this, we have the
soft SUSY breaking terms defined as follows:
VSOFT = m
2
N˜i
|N˜i|
2 +m2
∆¯
∣∣∆¯R∣∣2 +m2∆ |∆R|2 +
(
AijN ∆¯R N˜iN˜j + h.c.
)
, (2.5)
where AijN is the tri-linear coupling constant which is assumed to be proportional to the
Yukawa coupling constant Y ij126, A
ij
N = m3/2Y
ij
126. From the superpotential given above, we
can calculate the scalar potential in the usual way:
V =
∣∣∣∣ ∂W∂∆¯R
∣∣∣∣
2
+
∣∣∣∣∂W∂N˜
∣∣∣∣
2
+ VSOFT , (2.6)
that is,
V = m2
N˜i
|N˜i|
2 +
(
M2GUT +m
2
∆¯
) ∣∣∆¯R∣∣2 +
{(
Y ij126MGUT +A
ij
N
)
∆¯R N˜
∗
i N˜j + h.c.
}
+ · · · .
(2.7)
We regard the scalar partner of the lightest right-handed neutrino (sneutrino) N˜1 as the
inflaton, that is, we consider the sneutrino inflation scenario [18]. In this case, a conden-
sation of the scalar field
〈
N˜1
〉
causes the inflation and the successive reheating processes.
Then the above potential drives the sneutrino N˜1 (a hybrid inflation [19]) and it determines
the inflaton (sneutrino) mass to be around minf ≃ (MGUTMR1)
1/2 ≃ 5.7×1013 [GeV]. The
mass scale of the sneutrino as the inflaton is the appropriate one for the time of coherent
oscillation until the end of inflation H ≃ ΓN˜1 (H: Hubble parameter), namely, it leads to
the COBE normalization of the primordial density fluctuation [20]
δT
T
≃
(
minf
MP
)
≃ 10−5 . (2.8)
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Here the tree level sneutrino decay rate is given by
ΓN˜1 ≃
1
4π
(
YνY
†
ν
)11
MR1 ≃ 6.1× 10
7 [GeV] , (2.9)
where Yν is the neutrino Dirac Yukawa coupling matrix, and we took the typical value of(
YνY
†
ν
)11
≃ 4.7 × 10−3. Thus the reheating temperature in this model is given by [21]
TR =
(
45M2P
2π2g∗
)1/4 (
ΓN˜1
)1/2
≃ 4.0 × 1012 [GeV] . (2.10)
After giving rise to the PQ symmetry breaking VEV of the Higgs,
〈
∆¯R
〉
≃ 8.3× 1012 [GeV] , (2.11)
the argument of ∆¯R can be regarded as the PQ field or an invisible axion, a(x) ≡ fa ×[
arg
(
∆¯R
)
− arg (∆R)
]
with the decay constant fa =
∣∣〈∆¯R〉∣∣ ≃ 8.3× 1012 [GeV].
Finally, it should be noted that the gauged B − L symmetry included in the SO(10)
symmetry protects the sneutrinos from having large initial values along the existing B−L
flat direction. Therefore we can not incorporate the simple chaotic inflation scenario [24]
into the SO(10) models, and we must use the hybrid inflation model. Recent WMAP data
also supports the fact that multi-field hybrid inflation models are preferable to the single
field chaotic inflation model [25].
3. Conclusion
It has been found that the Peccei-Quinn solution to the strong CP or the axion problem
can be embedded in the same framework of the right-handed neutrino sector. A complete
correspondence between the axion and the Higgs that gives a mass for the right-handed
neutrino has been obtained based on an SO(10) model. The relative phase between ∆¯R
and ∆R can be identified with the axion itself. The resemblances among the symmetry
breaking scale of the PQ symmetry and the B−L symmetry or the right-handed neutrino
mass scale are thus well founded. An axion mass consistent with the neutrino oscillation
data is found to be ma ≃ 7.5 × 10
−5 [eV]. In addition, assuming the sneutrino as the
inflaton can naturally be embedded into the model with a sneutrino mass around ≃ 1013
[GeV], which is consistent with the density fluctuation of the CMB.
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